The effects of soil water content (SWC) on the formation of run-off in grass swales draining into a storm sewer system were studied in two 30-m test swales with trapezoidal cross sections. Swale 1 was built in a loamy fine-sand soil, on a slope of 1.5%, and Swale 2 was built in a sandy loam soil, on a slope of 0.7%. In experimental runs, the swales were irrigated with 2 flow rates reproducing run-off from block rainfalls with intensities approximately corresponding to 2-month and 3-year events. Run-off experiments were conducted for initial SWC (SWC ini ) ranging from 0.18 to 0.43 m 3 /m 3 . For low SWC ini , the run-off volume was greatly reduced by up to 82%, but at high SWC ini , the volume reduction was as low as 15%. The relative swale flow volume reductions decreased with increasing SWC ini and, for the conditions studied, indicated a transition of the dominating swale functions from run-off dissipation to conveyance. Run-off flow peaks were reduced proportionally to the flow volume reductions, in the range from 4% to 55%. The swale outflow hydrograph lag times varied from 5 to 15 min, with the high values corresponding to low SWC ini . Analysis of swale inflow/outflow hydrographs for high SWC ini allowed estimations of the saturated hydraulic conductivities as 3.27 and 4.84 cm/hr in Swales 1 and 2, respectively.
Impact Development and Green Infrastructure approaches to mitigation of the impacts of urbanization on catchment hydrology (Dietz & Clausen, 2008; Houle, Roseen, Ballestero, Puls, & Sherrard, 2013; Valinski & Chandler, 2015) . Grass swales are designed to collect urban run-off in upstream reaches of the drainage area and discharge it into downstream drainage elements, such as stormwater management facilities or storm sewers inlets (Li, Orland, & Hogenbirk, 1998; Zimmerman, Waldron, Barbaro, & Sorenson, 2010) .
Common experience of urban drainage professionals in Sweden shows that swales are mostly designed on the basis of local experience and built with roadwork residual soils, which results in some uncertainties in the estimated swale capacities and discharges into the downstream drainage facilities. Hence, swale operation is of interest for the assessment of the drainage system performance, particularly in a changing climate, and tangible benefits can be gained by advancing the knowledge of the functioning and maintenance needs of swales.
Focusing the discussion herein on run-off flow rates and volumes only, hydrological and hydraulic processes are of particular interest when examining the role of swales in stormwater management (Ahiablame, Engel, & Chaubey, 2012; Wanielista & Yousef, 1992;  Yousef, Hvitved-Jacobsen, Wanielista, & Harper, 1987) . The hydrology/hydraulics of swales is rather complex and described by three regimes, depending on the severity of the rainstorms (Davis, Stagge, Jamil, & Kim, 2012) : (a) For minor rainfalls, all rainwater infiltrates into swale soils and there is no run-off; (b) for intermediate rainfalls, hydrologic abstractions (particularly infiltration) substantially reduce excess water and the conveyed run-off, and this effect can be further increased by using check berms; and (c) for severe rainfalls, swales function primarily as conveyance channels with relatively small reductions of flow peaks and volumes. In terms of water balance, the major components include the longitudinal inflow into the swale at the upstream end, lateral inflows along the swale channel, direct input of rainwater over the swale footprint area, and outflows in the form of hydrologic abstractions including infiltration in the swale channel and the downstream outflow. Depending on the relative magnitude of the total inflow and hydrologic abstractions, there may be no outflow from the swale (i.e., the inflow fully infiltrates), or there is an outflow in the form of saturation excess flow (Dunne & Leopold, 1978) .
Besides rainfall characteristics, the swale hydrology is affected by the channel geometry, vegetation, and depressions (or check dams; Davis et al., 2012) ; by the saturated hydraulic conductivity K s of swale soils (Ahmed, Gulliver, & Nieber, 2015) ; and by the antecedent wetness (Nishat, Guo, & Baetz, 2010) .
A plethora of data on run-off volume reductions in swales was published by researchers studying swales exposed to actual rainfall or applied irrigation. Generally, the reported reductions of swale inflow volumes broadly varied: 9-100% (Yousef et al., 1987) , 33-66% (Bäckström, 2002) , 12-89% (Lucke, Mohamed, & Tindale, 2014) , and 41% (a median value; Geerling, 2014) . In this connection, Davis et al. (2012) reported some events with outflow volumes exceeding those of inflows, resulting from "otherwise unconnected drainage areas contributing to the swale drainage during peak flows," and concluded that the swale flow attenuation cannot be adequately described by a "per cent reduction." Swale longitudinal slopes were noted in the studies listed above but not addressed as an influential variable; however, minimum slopes for positive drainage (≥2%; Urban Drainage and Flood Control District, 2010) and maximum permissible slopes (≤5%), or flow velocities (≤0.91 m/s) were suggested to maintain swale performance in stormwater control and prevent erosion (Schueler, 1987) .
The dissipation of swale flow volumes is strongly affected by infiltration into soils, which is commonly described by the saturated hydraulic conductivity, K s , and estimated from the literature data for soils of various textures (Lee, Traver, & Welker, 2016) , field measurements with infiltrometers (Ahmed et al., 2015; Fatehnia, Tawfiq, & Ye, 2016; Nevada Tahoe Conservation District, 2014) , or from water balance considerations (Wanielista & Yousef, 1992) . Applications of these methods are exposed to high uncertainties resulting from great variability of infiltration rates (Ahmed et al., 2015) .
Little has been published on the effects of antecedent moisture conditions (AMC) on swale flows and their attenuation. The knowledge of AMC is required when dealing with discrete storms (Watt & Marsalek, 2013) , either in field experiments with irrigated swales or in applications of design storms to swales. Estimates of average AMC can be obtained from continuous simulations of soil moisture for local rainfall data and the known soil characteristics (porosity and the saturated hydraulic conductivity), as reported by Nishat et al. (2010) .
The objectives of the study presented herein were to (a) assess the swale channel water balance for two hydraulic loadings and varying ini- Table 1 for both study sites.
Neither swale showed any signs of soil compaction, which could be caused by pedestrian or vehicular traffic, and their bottoms appeared to have an intact, soft turf. Prior to any run-off simulation FIGURE 1 Schematics of the experimental water supply system, dimensions of Swale 1 (S1) and Swale 2 (S2) and measurement locations for inflow, outflow, and soil water content. SWC 1 -SWC 5 indicate the locations of soil water content (SWC) measurements, "s" symbols indicate additional soil-sampling points at the side slopes To assess the significance of generated run-off flows, the corre- 
| Swale flow measurements
Swale inflow and outflow were measured using compact weir boxes, with sharp-crested V-notch weirs manufactured according to the stan- (Shen, 1981) . For the representative ranges of the measured weir heads and the accuracy of the head sensor (±3 mm), the overall accuracies of such measurements were estimated as 6-10%
for the 45°V-notch and 9-14% for the 90°V-notch.
Swale flow depths and widths were manually measured at cross sections located every 3 m along the test swale section, at 5-min intervals, while the swale was irrigated and discontinued 5 min after the irrigation stopped. The measurements focused on the submerged part of the swale channel; no hydraulic or hydrological data were collected for the side slopes.
| SWC measurements
The test swale sections were instrumented with five water content reflectometer probes (Type CS516, Campbell Scientific, Inc., accuracy The observed SWC were normalized according to Van Genuchten (1980) :
where θ * is the normalized SWC (hereafter referred to as SWC norm ), or effective saturation, ? is the soil porosity (assumed equal to the saturated SWC θ s ), and θ r is the soil specific residual water content. Residual water content θ r of the soils studied was adopted from Rawls, Brakensiek, and Saxtonn (1982) as θ r = 0.035 and 0.041 m 3 /m 3 for loamy sand and sandy loam, respectively.
| Selection of the initial SWC conditions tested
The selection of the initial soil moisture conditions in field experiments was used to decide when to start irrigation experiments, depending on the AMC resulting either from a rain event or a previous irrigation experiment. In this context, two categories of AMC were described by the antecedent dry weather period, shown in Table 2 , and average
SWC. Recognizing that the tested swales were built in different soils with different drainage (see Table 1 ), the antecedent dry weather periods of the individual swales differed.
The SWC ini was set equal to the mean of the last SWCs recorded just before the experimental run. The time required by soils to drain and reach dry AMC in Swale 1 was just 1 day; in Swale 2, it was 2 days.
For both swales, wet AMC were set equal to the state attained immediately after the water ponded on the swale bottom disappeared, which was approximately 1 hr for Swale 1 and 3 hr for Swale 2, after the irrigation ceased.
| Data processing and analysis
The measured flow hydrographs were plotted for all runs for visual checking of data quality. Based on the flow rate time series, the total flow volumes and the mean lag times were calculated, as well as the swale flow volume and peak flow reductions (see Figure 2) .
As expected for a controlled quasi-constant inflow rate, the swale outflow hydrographs had relatively flat peaks, and the highest outflow rate before stopping the site irrigation was adopted for calculations of peak flow reductions. The peak flow reduction (ΔQ pk ) was defined as the difference between the inflow and outflow hydrograph peaks and was further used to estimate spatially averaged values of K s .
When the inflow and outflow hydrographs reach a quasi-equilibrium, ΔQ pk represents the abstraction due to infiltration, and K s can be expressed as (ΔQ pk ) / A inf , where A inf represents the infiltration area estimated over the test swale length, for the initially high SWC and the two inflows tested.
For experimental swale runs of limited duration (30 min), the water budget of the swale channel can be described as
recognizing the dominating nature of infiltration into swale soils.
All the three components can be evaluated from the measured data and are presented in Section 3, together with the initial SWC readings (SWC ini ), inflow rates (Q in ), and three calculated parameters explained below.
The actual inflow rates Q in were fairly constant, with average variations among the runs of about 6%. The inflow and outflow volumes (V in and V out , respectively) were calculated by integration of the respective hydrographs; for the outflow hydrograph, the cut-off flow rate, at which the integration was stopped, was 0.05 L/s. The difference between both volumes was then taken as the infiltrated volume,
, and the relative swale flow volume reduction was cal-
Furthermore, the relative swale flow peak reduction was defined, for the flat part of hydrographs, as ΔQ pk rel = (Q in − Q pk out ) / Q in . Finally, the outflow hydrograph lag time, T lag , which was defined as the difference between the centroid times of the inflow and outflow hydrographs, was calculated.
| RESULTS
After introducing the irrigation flow into the swale channel, an infiltra- 
| Initial SWC for swale runs
Operational definitions of dry and wet AMC were supported by measurements of the SWCs by five probes, whose averaged readings, both as measured or normalized, are listed in Table 3 for 24 experimental runs. In Swale 1, the average initial SWCs equalled 0.262 (coefficient of variation C v = .14) and 0.391 (C v = .09), for dry and wet AMC, and both low and high inflows combined; in Swale 2, the corresponding values were 0.265 (C v = .19) and 0.304 (C v = .14). Even though the differences between both states (dry and wet) are relatively small (in Swale 1, 0.13 or 0.27 for normalized values, and 0.04 or 0.08 for normalized values, in Swale 2), as discussed later, these differences affected the swale hydrological response.
| Swale channel water balance
The main components of the water balance of the trapezoidal swale channel, V in , V inf , and V out , were listed in Table 3 , together with the initial SWC readings (SWC ini ), inflow rates (Q in ), and calculated ΔV rel ,
ΔQ pk rel , and T lag for the 24 runs conducted. Table 3 soil moistures, it transitioned to a conveyance element with small effects on flow rates and volumes.
Data in
Swale flow peak attenuation was comparable in both swales and to a large extent followed variations in flow volume reductions. The highest peak attenuation was noted for dry AMC and the 2-month event (on average 37% and 35% in Swales 1 and 2, respectively), and the lowest attenuation was noted for the 3-year event and wet AMC (on average 5% and 9% for Swales 1 and 2, respectively). A plot of relative peak flow reductions versus relative volume reductions, for all 24 runs, is presented in Figure 5 .
| Lag time (T lag ) of swale outflow
The last swale flow hydrograph attribute examined was the outflow hydrograph lag time (T lag ), with respect to the inflow hydrograph, also listed in Table 3 . This parameter bears significance for determining the time of concentration of run-off from the swale contributing area (i.e., a part of roadway and the swale footprint) for design purposes. The observed lag times in the 30-m swales studied varied between 5 and 15 min; the highest lag times (15 min) were noted for the 2-month event in Swale 1 and dry AMC. Lag times for individual runs varied in a similar way as flow volume reductions; the longest times were noted for the highest reductions and the shortest for the smallest volume reductions.
The lag times were shorter in Swale 2 especially for dry AMC.
Lag times in Swales 1 and 2 were plotted as T lag versus SWC norm in Figure 6 . The plot shows that the lag time decreases with the increasing SWC norm , and the transition of the swale operation from a run-off volume control measures towards a stormwater conveyance element. Note. SWC = soil water content. Run-off infiltration into swale soils is a highly influential process with respect to swale hydrology. Note however that in practical swale design, the options for selecting infiltration rates are limitedessentially to reference values of soils in the design area (notwithstanding disturbances of soils during construction or additions of soil amendments). Additional options are available in field experiments, where the observations of swale flows can be supported by estimates of the saturated hydraulic conductivity K s from field measurements with infiltrometers (Ahmed et al., 2015; Fatehnia et al., 2016; NTCD, 2014) or from analysis of flow hydrographs (Wanielista & Yousef, 1992) .
Recent developments of the methods for K s estimation based on discrete, point measurements of infiltration addressed the site-specific minimum numbers of measurements required to attain certain levels of uncertainty (Ahmed et al., 2015) and the development of faster ways of collecting infiltration data compared with the commonly used DRIs. For estimating K s in the study reported herein, the preference was given to swale hydrographs (in and out) analysis, supplemented by cursory checks provided by DRI measurements and the texture-based ref-
erence data. Wanielista and Yousef (1992) calculated infiltration rates from the measured swale hydrographs at a site in Florida as 8.8 cm/ hr, which was significantly smaller than 12.7 cm/hr measured by the DRI. The findings in this study also indicated differences between the infiltrometer measurements and flow hydrograph derived data for the whole test section (see Table 5 ). Although in Swale 1 DRI data exceeded the hydrograph-derived data, the opposite was true for Swale 2. A closer scrutiny of DRI data showed that they varied with the distance from the swale outlet; in Swale 1, the smaller K s were measured near the outlet (where the flow depth and concentration is the greatest), and in Swale 2, the higher K s were observed by the outlet. Thus, in Swale 1, the mean DRI K s is likely to overestimate spaceaveraged K s value, and in Swale 2, the mean DRI K s is likely to underestimate the space averaged K s . Assuming that the observed gradients in K s were valid and caused by gradients in soil properties, the observed disagreement between the spatially integrated data (i.e., from flow hydrographs) and the DRI measurements would not improve even with higher numbers of K s measurements with infiltrometer devices, without accounting for the above-noted spatial variations.
However, infiltrometer data might be more meaningful for describing flow attenuation during real events, as suggested by Erickson, Weiss, and Gulliver (2010) .
During the experiments, some stretches of the swale bottom drained much faster, particularly at the upstream end exposed to the longitudinal inflow only. Slow drainage was observed where run-off clearly exceeded the infiltration capacity, for example, at the downstream end. This would explain differences in saturation levels at the reported by Davis et al. (2012) . The role of temporary water storage in surface depressions and in the top soil layer bears more importance for buffering run-off from small rainstorms.
As reported by others (Lee et al., 2016; Pitt, Chen, Clark, Swenson, & Ong, 2008) , the soil texture may not characterize well the actual infiltration in swales because of variations in individual textural classes and spatial variability of soil characteristics within the studied facilities.
In our study, K s estimated from the soil texture were about twice as large as those estimated from swale hydrographs in Swale 1, but smaller (by a factor of 0.6) in Swale 2, when compared with averages of the corresponding soil texture class (Nishat et al., 2010) . Such discrepancies can be explained by the presence of thawing-freezing cycles (contributing to enhanced infiltration), macropores resulting from biological activity, or maintenance, as also suggested by other authors (Ahmed et al., 2015; García-Serrana, Gulliver, & Nieber, 2017) . The measured SWC time series, together with the known effective saturation, therefore indicated that during the experimental runs with high inflows and 30 min of continuous swale bottom inundation, the available soil pore volume has never been saturated completely (as indicated by the SWC norm data), which might be explained by the high flow velocities during swale irrigation.
Although the lateral overland flow on side slopes (sloping 1:2-2.5
in Swale 1 and 1:3-3.5 in Swale 2) was not measured in this study, it was observed that it may have partly infiltrated into the soil, even though the infiltration rates would be reduced on steep slopes (Morbidelli et al., 2016) , but the infiltrated water may reappear on the surface in the lower part of the slope. The lateral inflow introduced by the water supply system over 24 m of the 30-m swale length generated finger-flow type of run-off with increasing coverage at higher inflows, as also reported by García-Serrana et al. (2017) . When sheet flow was observed during irrigation runs, its width was less than 1 m. The nature of the swale instrumentation system did not allow differentiation between flows in the swale channel and down the side slope, which contributed to experimental uncertainties.
The relevance of knowledge of the SWC and its impact on run-off generation on plot-scale grass areas was also reported by García-Serrana et al. (2017) , who quantified the influence of soil moisture (i.e., the difference between porosity and initial SWC) on the actual infiltration capacity and infiltrated volumes, and found that the infiltration rapidly rose at higher soil moisture deficits. Regarding the spatial heterogeneity of SWC, Morbidelli, Corradini, Saltalippi, and Brocca (2012) concluded in a study of run-off hydrographs for a range of initial SWC values that a spatially averaged value of SWC was sufficient to reproducing hydrographs, but SWC became more relevant if the spatial variability of saturated hydraulic conductivity was considered.
They hypothesized that spatially variable K s masked the effect of different initial SWC on surface run-off.
Although the SWC for the operationally defined SWC low (dry AMC) and SWC high (wet AMC) conditions did not greatly differ, such differences affected outflow hydrographs, run-off retention, and flow delay significantly. Particularly, the small differences in SWC under dry conditions indicated potentially significant reductions in swale infiltration volume. The pattern of flow volume attenuation in our study follows that described by Davis et al. (2012) The duration of controlled irrigation runs was limited to 30 min, as this was a practical limit of the irrigation water supply system and its controls. As noted for outflow hydrographs in Figure 4 , longer inflows would have allowed fully reaching the equilibrium conditions for outflow from both swales, particularly in the case of dry AMC. However, the selected inflow duration was considered acceptable in relation to the estimated time of concentration of the run-off contributing area.
Further uncertainties were introduced by splitting the inflow into longitudinal and lateral components, which was deemed necessary to mimic operation of actual swales. Although an assumption was made that flow across a short band of the irrigated side slope (0.5-1.0 m wide, measured in a dry channel) would expediently reach the channel bottom flow, either above or below the ground surface, because of the side slope steepness, no experimental proof is available. This assumption obviously affected the robustness of the measured data and may have contributed to the relatively small differences in SWC between wet and dry states in Swale 2. Even though the SWC probes were placed in the same pattern and proximities with respect to the dual irrigation flow inlets, they were exposed to ponded water to different degrees, which may have affected the measurements due to different hydraulic heads and residence times of water adjacent to the measuring probes, contributing to increased SWC readings.
| Implications of study results for swale design and future research
The study findings indicate the importance of the initial soil moisture conditions for the formation of the swale channel flow, depending on soils' K s . In sandy loams studied, the re-establishment of dry conditions would take at least 2 days, and in loamy sand, at least 1 day. Analysis of rainfall data for the antecedent dry days would serve to select and test the appropriate AMC. The collected data can be used to calibrate a rainfall/run-off model for a typical catchment comprising a swale section, with the associated run-off-contributing area formed by a road, road shoulder, and the swale. This model can then be used to examine various design scenarios. Additional practical findings include the need to check DRI measurements for spatial tendencies, which may skew estimates of K s in specific cases. The experimental findings will be also of use to study the stormwater quality enhancement in grass swales during various stages of the development of swale channel flow.
Concerning the longevity of swale operation, Swale 1 remains fully functional even after almost 60 years of operation, as judged from its attractive appearance, good infiltration rates (3.27 cm/hr), and high flow capacity.
| CONCLUSIONS
The primary motivation of the conducted swale experiments was to advance the knowledge of the influence of the initial soil moisture conditions on swale channel hydrographs. Within the limitations of the experimental program, the following conclusions can be drawn:
• The plot of the relative swale flow reduction versus the normalized SWC illustrated, for the conditions studied, two principal functions of grass swales in stormwater management: run-off dissipation and conveyance. The transition between these two functions evolved from high run-off dissipation, for low initial SWC and low irrigation inflow, to run-off conveyance at high SWC, with minimal run-off abstractions. The speed of this transition accelerated with increasing hydraulic loading and reduced K s of swale soils. The variation of swale flow volume reduction for two sets of initial AMC (wet and dry) was in this study: 36-73% and 17-36% for Swales 1 and 2, respectively.
• Swale outflow hydrograph lag times varied between 5 and 15 min and decreased with an increasing SWC norm . Such information is of interest when estimating the time of concentration of the swaleroad catchment.
